A new type of interaction in which fruit juices diminish oral drug bioavailability through inhibition of uptake transport is the focus of this review. The discovery was based on an opposite to anticipated finding when assessing the possibility of grapefruit juice increasing oral fexofenadine bioavailability in humans through inhibition of intestinal MDR1-mediated efflux transport. In follow-up investigations, grapefruit or orange juice at low concentrations potentially and selectively inhibited in vitro OATP1A2-mediated uptake compared with MDR1-caused efflux substrate transport. These juices at high volume dramatically depressed oral fexofenadine bioavailability. Grapefruit was the representative juice to characterize the interaction subsequently. A volume-effect relationship study using a normal juice amount halved average fexofenadine absorption. Individual variability and reproducibility data indicated the clinical interaction involved direct inhibition of intestinal OATP1A2. Naringin was a major causal component suggesting that other flavonoids in fruits and vegetables might also produce the effect. Duration of juice clinical inhibition of fexofenadine absorption lasted more than 2 h but less than 4 h indicating the interaction was avoidable with appropriate interval of time between juice and drug consumption. Grapefruit juice lowered the oral bioavailability of several medications transported by OATP1A2 (acebutolol, celiprolol, fexofenadine, talinolol, L-thyroxine) while orange juice did the same for others (atenolol, celiprolol, ciprofloxacin, fexofenadine). Juice clinical inhibition of OATP2B1 was unresolved while that of OATP1B1 seemed unlikely. The interaction between grapefruit juice and etoposide also seemed relevant. Knowledge of both affected uptake transporter and drug hydrophilicity assisted prediction of the clinical interaction with grapefruit or orange juice.
Introduction
Drugs are an essential component of medical therapy. However, the clinical response to them can vary markedly among and within patients and cause adverse effects that result in significant harm in some cases. These unintended and unwanted outcomes often arise when another substance is concomitantly consumed. Food and medication are often taken together. Linking a regular event like food intake with drug administration can improve adherence of the patient to the treatment regimen. However, certain foods can create an interaction through altered activity of a mechanism that is a crucial determinant of systemic drug availability.
The bioavailability and clinical effect of a medication can be determined by drug metabolism mediated by a family of oxidizing enzymes known as cytochrome P450s (CYPs) [1] [2] [3] [4] . The specific enzyme, CYP3A4, is particularly significant. It contributes to the inactivation and elimination of an estimated 50% of all drugs. CYP3A4 is located in the simple columnar epithelial cells that line the small intestine and colon (enterocytes) and parenchymal cells that constitute 70-80% of the cytoplasmic mass of the liver (hepatocytes) [3, 4] . Since the systemic availability of orally administered medications involves sequential passage through small intestine and liver, this enzyme is well situated to oxidize drugs during first-pass metabolism. Consequently, the percent of the oral dose of many drugs reaching the systemic circulation unchanged can be markedly minimized. For example, CYP3A4-mediated first-pass metabolism is solely responsible for the normally low mean 15% oral bioavailability of the antihypertensive dihydropyridine calcium channel blocker, felodipine [5] . In the clinical situation where this process becomes manifestly impaired, the clinical conundrum can be sufficiently boosted oral bioavailability to enable excessive systemic drug concentration and overdose-related adverse effects [1] [2] [3] [4] .
Nearly 20 years ago, we published the seminal report of grapefruit juice-drug interactions [6] . This juice heightened average oral felodipine bioavailability to three-fold. Subsequently, hundreds of original research articles and numerous excellent reviews have been published on this topic . It is now evident that a single judicious amount of grapefruit ingested even many hours beforehand has the possibility to affect more than 60 medications. Moreover, adverse event case reports attest to the fact that grapefruit-drug interactions have considerable clinical consequence and scope [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . Warnings are found in many drug product monographs and on a label for application to the prescription vial of affected drugs. The major site of the interaction was the small intestine where enterocytic CYP3A4 underwent irreversible (mechanism-based) inhibition [48] . Grapefruit juice-drug interactions have provided original scientific information that has been translated into improved clinical utilization of a wide range of medications.
More recently, our group provided the first report that grapefruit and orange juices can have the opposite effect of diminishing oral absorption of another class of drugs as a result of inhibition of intestinal drug uptake transport [49] .The clinical concern in this case becomes loss of effectiveness of medications, which can be particularly relevant for those required to treat serious medical conditions, having a narrow therapeutic index or possessing a steep concentration-response relationship.This new category of fruit juice-drug interactions is the focus of this review article.
Background information
There are two major classes of drug transporters [50] [51] [52] [53] [54] [55] . The best known belongs to the ATP-binding cassette (ABC) superfamily. They act as efflux transporters and are able to export a diverse range of xenobiotics from the intracellular to the extracellular environment against a high concentration gradient through energy derived from ATP. The P-glycoprotein (ABCB) family is a key member and is composed of the multidrug resistance protein 1 (MDR1 or P-glycoprotein), bile salt export pump (BSEP), multidrug resistance-associated protein (MRP) and breast cancer resistance protein (BCRP).
MDR1 was first identified in tumour cells where it was overexpressed and conferred cross-resistance to many chemotherapeutic agents. MDR1 was later found in several normal tissues (intestine, liver, kidney, blood-brain barrier). Of relevance to this article, the locations of MDR1 at the luminal surface of enterocytes enabled the back transport of cellularly absorbed drug and at the bile canalicular membrane of hepatocytes facilitated drug extrusion from cytoplasm into bile. As a result, MDR1 can act to thwart the systemic availability of orally administered drugs during first-pass.
The common sites for CYP3A4 and MDR1 in the gut and liver pointed towards integrated defence mechanisms against drug absorption albeit via different means [56] . Furthermore, CYP3A4 and MDR1 have overlapping substrate specificities in a number of cases supporting interplay to hinder more effectively drug availability. An example would be the low oral bioavailability of several transplantation anti-rejection drugs (ciclosporin, tacrolimus, serolimus). Also, CYP3A4 and MDR1 often have the same inhibitors. Based on the above, it seemed logical that MDR1 might also be inhibited by grapefruit juice.
Dilute grapefruit juice or ethylacetate extract or components of this juice demonstrated decreased in vitro efflux from human cancer colon cells (CaCo2 cells) of several MDR1 transported substrates (ciclosporin, digoxin, fexofenadine, paclitaxel, rhodamine123, saquinivir, talinolol, vinblastine) [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] . Consequently, these data supported the prospect that grapefruit juice would augment the oral bioavailability of a non-metabolized MDR1-transported drug. However, concomitantly consumed grapefruit juice either marginally enhanced (9% increase, P = 0.01) or did not affect the oral pharmacokinetics of digoxin [70, 71] . The quandary was that digoxin intrinsically possesses high oral bioavailability (70-80%) making interpretation of these data debatable. This stimulated a search for a more suitable drug probe.
The antihistamine, fexofenadine, was found to undergo MDR1-mediated in vitro efflux transport [72] [73] [74] . Clinically, it was excreted unchanged in humans meaning that grapefruit juice-mediated inactivation of CYP3A4 would not confound the results [75] . The primary route of elimination was biliary secretion consistent with MDR1 having a relevant role in the systemic elimination of this drug. Importantly, fexofenadine had innate oral bioavailability estimated at 33%, which would enable easier detection of a clinical MDR1 inhibitory effect. Furthermore, MDR1 inhibitors (itraconazole, lopinavir, ritonavir, verapamil) increased while inducers (carbamazepine, rifampicin, St John's wort) decreased fexofenadine AUC and Cmax [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] . Since it also had good clinical safety over a wide dose range, fexofenadine was possibly a superior clinical drug probe to gauge the inhibitory effect of grapefruit juice on presystemic MDR1 activity.
Initially, a pilot study was conducted. Two healthy volunteers were tested on 2 days separated by an interval of 1 week. They avoided consumption of fruit juices for 48 h beforehand and fasted from 22.00 h the night prior to each study day. A standardized lunch was provided at 4 h after dosing. Plasma fexofenadine concentrations with grapefruit juice (shown in Figure 1 ) were lower than those with water for subject 1 (AUC(0,7 h) = 1185 vs. 3032 ng ml -1 h, Cmax = 340 vs. 917 ng ml -1 ) and Subject 2 (AUC(0, 8 h) = 1427 vs. 2015 ng ml -1 h, Cmax = 307 vs. 461 ng ml -1 ).The reduction was more in the individual with the highest plasma drug concentrations with water. Thus, preliminary results were opposite to what had been envisaged, likely scientifically novel and potentially clinically important.
Fexofenadine is a zwitterion possessing pronounced polarity over a wide pH range from uninterrupted ioniza-tion. This would likely afford good solubility of fexofenadine in the fluids of the stomach and small intestine. Consequently, it seemed unlikely that grapefruit juice would act to cause a relevant decrease in fexofenadine dissolution unless this juice interacted with excipients included in this regular release formulation to impair this process. This physicochemical property would also predict low passive intestinal permeability from the intestine into the portal circulation. Add to this MDR1-mediated efflux transport in the gut and liver and it might be expected that the oral bioavailability of fexofenadine would normally be essentially negligible. Since this was clearly not the case, another overriding factor must have played a pivotal role in determining the inherent oral bioavailability of fexofenadine.
Uptake carriers represent the other class of drug transporters [50] [51] [52] [53] [54] [55] . Members belong to the solute carrier (SLC) superfamily. They facilitate the translocation of drugs into cells. Organic Anion Transporting Polypeptides (OATPs) constitute an important family of sodium-independent transport proteins. OATP1A2 (OATP-A) was the first identified human member and the initially found uptake transporter for fexofenadine [74] . More recently, an assessment of a range of human uptake transporters (OATP1A2, OATP2B1, OATP1B1, OATP1B3, NTCP, ASBT, OCT1, OAT1, OAT3, OAT4) showed that OATP1A2 was the only one that mediated substantial in vitro uptake [86] . Although more recent findings have indicated that OATP2B1 and OATP1B3 transported fexofenadine, OATP1A2 mediated much greater uptake [87, 88] .Pinch biopsies from healthy humans also showed that OATP1A2 and MDR1 were co-expressed on the luminal membrane of duodenal enterocytes indicating the potential of interplay of opposing vectors for uptake and efflux [86] .Consequently, selective inhibition of OATP1A2 or MDR1 might be expected to cause corresponding actions of decreased or increased intestinal absorption and systemic availability of fexofenadine.
Grapefruit juice interaction studies with fexofenadine
Grapefruit and constituents were examined for decreased MDR1-mediated digoxin or vinblastine efflux using polarized epithelial cell monolayers [49] . Grapefruit juice and homogenized unprocessed segments at 5% regular strength did not alter MDR1 activity. However, an extract of grapefruit peel at 5% strength was inhibitory. The major flavonoid in grapefruit, naringin, was quantified in the juice, segments and extract at 750, 2300, 33 100 mmol l -1 , respectively. Pure naringin at 3000 mmol l -1 produced 50% reduction (IC50) of MDR1-mediated transport. Thus, certain parts of grapefruit inhibited in vitro MDR1 activity, possibly as a result of very high naringin content.
Grapefruit juice and naringin were also assessed for reduced OATP-mediated fexofenadine uptake using a transfected cell line [49] . This juice at concentrations ranging from 0.5% to 5% normal strength caused a graded effect on OATP1A2-mediated fexofenadine uptake that ranged from 50% to 90% decrease. Naringin IC50 for OATP1A2 was 3.6 mmol l -1 , which was a concentration both hundreds of times lower than that causing equivalent MDR1 inhibition and generally found in grapefruit juice [89] . Thus, grapefruit and naringin were potent and selective in vitro inhibitors of OATP1A2 compared to MDR1.
Orange juice and its contained major flavonoid, hesperidin, were also tested for effect on OATP transport [49] . This juice caused concentration-dependent in vitro inhibition of OATP1A2-mediated uptake of fexofenadine equivalent to that seen with grapefruit juice. Hesperidin IC50 was 2.7 mmol l -1 , which was a concentration essentially 50-fold less than that normally occurring in this juice [89] . Thus, a second and more commonly consumed citrus juice and contained flavonoid were potent in vitro inhibitors of OATP1A2 at low relative concentration. 
Figure 1
Pilot study results of plasma drug concentration-time profiles of fexofenadine 120 mg for two subjects administered water or grapefruit juice (GFJ) 300 ml. 300 ml water ( ); 300 ml GFJ ( )
The first formal clinical study assessed single dose maximum juice effect [49] . Grapefruit, orange or apple juice 1200 ml (300 ml consumed with fexofenadine followed by 150 ml at 0.5 h intervals to 3 h) were tested and compared with the equivalent volume of water. Since in vitro results had shown that apple juice at 5% normal strength caused no inhibition of MDR1 drug efflux and some (20%) reduction of OATP1A2 drug uptake, it was included as a possible negative control. All three juices reduced fexofenadine AUC, Cmax and urinary drug excretion (Ae) to 30% -40% of those with water. Time to Cmax (tmax), elimination drug half-life (t1/2), renal drug clearance (CLR) and urine volume (V) were not altered. Thus, grapefruit, orange and apple juices produced profound reduction in the oral bioavailability of fexofenadine.
To determine juice volume-effect relationships and to clarify the role of inhibition of intestinal OATP1A2 in the interaction, a follow-up clinical investigation was conducted [90] . Grapefruit was selected as the representative juice and tested at more usual (300 ml) and high (1200 ml administered as outlined above) volumes. Grapefruit juice 300 ml concomitantly ingested reduced fexofenadine AUC and Cmax to a mean 58% and 53% of those with the corresponding volume of water. Thus, a commonly consumed volume of grapefruit juice diminished the average oral bioavailability of fexofenadine sufficiently to cause lack of bioequivalence and concern for loss of drug efficacy. Grapefruit juice 1200 ml decreased fexofenadine AUC and Cmax to 36% and 33% of those with the matching volume of water. Since the four-fold higher volume of grapefruit juice caused only a moderately additional decline, this quantity was likely on the upper portion of the juice volumeresponse curve.
Evaluation of data among individuals provided additional insights into the clinical mechanisms.Subjects (n = 9) retested more than 1 year apart had highly reproducible baseline fexofenadine AUCs with water (r 2 = 0.85) [89] . Thus, the observed five-fold range in fexofenadine AUC among these subjects indicated that it was dependent on characteristics inherent to the individual. Although speculative at this point, these data suggest the possibility that an important genetic rather than environmental component influences the activity of intestinal OATP1A2. In this case, it might be envisioned that greater activity would be associated with higher fexofenadine AUC. Grapefruit juice 300 ml decreased fexofenadine AUC such that the greatest reduction occurred at the highest baseline value (r 2 = 0.97, n = 12; Figure 2 ) [90] . Assuming greater effect of an inhibitor at higher transporter activity, one feasible mechanism for the interaction with grapefruit juice at a normally consumed amount would involve a direct inhibitory effect on intestinal OATP1A2.
Grapefruit juice 1200 ml also reduced fexofenadine AUC dependent upon baseline fexofenadine AUC (r 2 = 0.93) [90] . This line was parallel and left shifted to that for grapefruit juice 300 ml indicating a greater constant effect among individuals.This finding might be interpreted as an additional cause of interaction at high fluid consumption. Substantial juice might decrease the concentration and transit time of drug in the gastrointestinal tract to cause attenuated exposure of fexofenadine to intestinal OATP1A2.This mechanism is supported by a trend towards lower fexofenadine bioavailability with water 1200 ml compared with that with water 300 ml [90] . Since grapefruit juice additionally contains solutes with osmotic activity, this might augment fluid retention to enhance this action. Moreover, this action might provide at least a partial explanation for apple juice at high volume causing decreased oral bioavailability of fexofenadine.
To establish further the validity of the clinical mechanism of direct inhibition of intestinal OATP1A2, constituents in grapefruit juice were tested. The foremost flavonoid in grapefruit, naringin, was a potent in vitro inhibitor of OATP1A2 [89] . Also, two furanocoumarins in grapefruit juice (bergamottin and 6,7-dihydroxybergamottin) reduced the in vitro activity of rat intestinal OATP3, an orthologue to OATP1A2 [49] . Since furanocoumarins are most probably responsible for grapefruit-drug interactions mediated by mechanismbased inactivation of enteric CYP3A4, determination of the involvement of furanoumarins in the clinical inhibition of OATP1A2 activity was ascertained [59, [91] [92] [93] [94] [95] [96] [97] [98] .
Naringin has been used commercially as a flavouring agent in artificial grapefruit drinks and administered safely to humans in several research studies [99] [100] [101] . Grapefruit juice 300 ml, aqueous solution of naringin 1200 mM (same 
Figure 2
Area under the plasma drug concentration-time profile from 0 to 8 h (AUC(0,8 h)) of fexofenadine 120 mg with water 300 ml or 1200 ml (300 ml with drug followed by 150 ml every 0.5 h until 3.0 h) plotted against the absolute change in this parameter with the matching volume of grapefruit juice for each individual (n = 12). Horizontal dashed line indicates no change in fexofenadine AUC(0,8 h).The lines of best fit (solid lines) were determined by linear regression analysis. Dashed lines with arrows indicate the variable and constant components of the interaction. GFJ 1200 ml ( ); GFJ 300 ml (᭺) Reprinted with permission from Clinical Pharmacology & Therapeutics volume and concentration as juice) or water was consumed concomitantly with fexofenadine [89] . Grapefruit juice and naringin solution reduced fexofenadine AUCs to 55% and 75% of that with water, respectively. Thus, naringin was a major causal component in grapefruit juice and likely acted clinically through direct inhibition of enteric OATP1A2. This was the first report to our knowledge of a single specific dietary constituent producing a drug interaction in humans through modulating drug carrier activity. Naringin has sufficient safety, specificity and sensitivity to be a potentially useful inhibitory probe of clinical OATP1A2 activity. Another flavonoid, hesperidin, may be a clinically active constituent in orange juice. The particulate fraction of grapefruit juice was a major source of furanocoumarins that clinically inactivated CYP3A4 and that contained negligible naringin [96, 102] . Grapefruit juice 300 ml, aqueous re-suspended particulate fraction of juice or water was ingested with fexofenadine [89] . The particulate fraction was also consumed 2 h before fexofenadine. Grapefruit juice control reduced the oral bioavailability of fexofenadine to 57% of that with water. The particulate fraction administered with or 2 h before fexofenadine produced the same plasma drug concentration-time profiles as for water. Thus, furanocoumarins that inactivate CYP3A4 clinically are unlikely to have an inhibitory effect on OATP1A2 in humans.
The duration of inhibitory action was examined [86] . Grapefruit juice 300 ml was consumed with or at two different times before drug administration. Ingestion of grapefruit juice with or 2 h beforehand reduced fexofenadine AUC to 48% and 62% of that with water. Juice at 4 h previously had a fexofenadine AUC that was not different from that with water. Duodenal biopsies obtained 1-2 h following ingestion of grapefruit juice 300 ml or water showed no acute difference in OATP1A2 or MDR1 protein concentrations [86] .Thus, grapefruit juice had a short-term inhibitory effect on fexofenadine absorption that did not result from altered OATP1A2 or MDR1 protein expression. Practically, this type of interaction might be avoided by having a time interval of 4 h between grapefruit juice or possibly orange juice consumption and administration of affected drug.
Scope of the interaction
The above research represented the first to our knowledge of fruit juices interacting with members of the OATP transporter family to reduce the oral bioavailability of a medication. It supported a new type of food-drug interaction of impending clinical importance. The current scientific literature was surveyed to ascertain possible scope. Publications comprehensive enough to report the effect of grapefruit or orange juice on both in vitro drug transport and clinical pharmacokinetics were lacking.
However, data combined from several sources enabled a perspective (Table 1) .
OATP1A2 is an uptake transporter for a number of medications for which the clinical effect of grapefruit or orange juice is also available. Juice was often consumed before, with and after dosing of drug so that the entire amount ingested during the period of study was often substantial. However, the duration of inhibition of drug absorption was less than 4 h [86] . Thus, the total volume of juice consumed 4 h before to 4 h after dosing was also tabulated for each drug to judge juice volume-effect relationships.
Four OATP1A2 substrates (acebutolol, celiprolol, fexofenadine, talinolol) with grapefruit juice and four (atenolol, celiprolol, ciprofloxacin, fexofenadine) with orange juice had lower oral bioavailability [49, 74, 86, 89, 90, [103] [104] [105] [106] [107] [108] [109] [110] [111] . Two drugs (celiprolol, fexofenadine) were studied with both of these juices. Celiprolol, like fexofenadine, had similar reduction in oral bioavailability at equivalent juice volume. This uniformity of effect with grapefruit and orange juices supported a common mechanism of action. Moreover, the size of the interaction for a particular drug with one juice might predict that with the other juice.
The decrease in oral bioavailability differed among OATP1A2 substrates. Since this was apparent at similar juice volume, the extent of the interaction might be principally dependent on the drug. Hydrophilic nonmetabolized drugs (atenolol, celiprolol, ciprofloxacin, fexofenadine) were the most affected compared with the lipophilic metabolized drug (acebutolol). Greater polarity and excretion unchanged would be consistent with dependence upon uptake transport, rather than passive diffusion, for intestinal drug absorption. Consequently, OATP1A2 substrates that are primarily renally eliminated unchanged (methotrexate, sotalol) would likely undergo noteworthy reduction in oral bioavailability with grapefruit or orange juice [103, 112] . Both of these drugs have also been used to treat serious medical conditions making the clinical relevance of a marked interaction probable. An OATP1A2 substrate that is mainly metabolized by CYP3A4 (imatinib) would tend to support an increase, rather than a decrease, in oral drug bioavailability when taken with grapefruit juice raising the risk of predictable serious toxicity with this chemotherapeutic agent [113] .
b-adrenoceptor blockers are employed in the management of a range of cardiovascular maladies that include hypertension, ischaemic heart disease, cardiac arrhythmias, secondary prevention of myocardial infarction and congestive heart failure. Atenolol, celiprolol and talinolol were tested with grapefruit or orange juice at volumes of 600, 600 and 300 ml consumed during the period of 4 h before to 4 h after drug dosing, respectively [104] [105] [106] [107] 111] . The corresponding attenuation of systemic drug availability to 60%, <20% and 56% would be enough to raise the issue of inadequate drug action with a realistically consumed amount of juice, which would be particularly Fruit juice-drug interactions relevant when these b-adrenoceptor blockers are for treatment of a significant cardiovascular condition.
Fluoroquinolone antibiotics possess a wide spectrum of activity, have favourable tolerance and are used to treat a wide variety of infections [109] . Bacterial killing activity is drug concentration-dependent. The optimal effect occurs when the ratio of plasma peak concentration to bacterial minimum inhibitory concentration (MIC) of the fluoroquinolone exceeds 10. The reported decreased oral bioavailability of ciprofloxacin with orange juice raised the possibility that the range of pathogens that might be optimally treated would be reduced. This consequence carries with it the risk of a patient failing treatment and/or evolving a resistant form of the pathogen.
The thyroid hormone, L-thyroxine, has a steep concentration-effect relationship requiring careful dose titration. This is exemplified by the recommendation of no change in brand once a patient has been stabilized on a particular dose as a small alteration in the fractional gastrointestinal absorption of this hormone is regarded as ample to be clinically relevant. It has a long elimination half-life (7 days), which means noticeable accumulation at steady state occurring with a month of repeated administration. L-Thyroxine undergoes carrier-mediated uptake by OATP1A2 as well as by multiple other transporters and it has a small but potentially pertinent reduction in oral bioavailability with grapefruit juice in a single dose study [114] [115] [116] [117] [118] [119] . Routine intake of L-thyroxine with grapefruit or orange juice might result in a reduction in steady state systemic concentration sufficient to induce under-treatment.
The uptake carrier, OATP2B1, is expressed on the apical membrane of the enterocyte and thereby might enable the intestinal absorption of certain drugs [50] [51] [52] [53] [54] [55] . An in vitro study with the antidiabetic agent, glibenclamide, showed that it was a substrate for OATP2B1 and had impaired intracellular accumulation with grapefruit or orange juice at 5% normal concentration or with naringin, dihydroxybergamottin or bergamottin at corresponding concentrations 100-, 4-and 2-fold less than that normally found in grapefruit juice [120] . In a clinical investigation, glibenclamide with grapefruit juice 600 ml consumed within the timeframe of 4 h before to 4 h after dosing did not result in an oral bioavailability that was different from that with water [121] . Since glibenclamide is normally extensively metabolized, this maybe the explanation for the divergence between in vitro and clinical findings. The oral direct renin inhibitor, aliskerin, is an OATP2B1 *P < 0.05, **P < 0.01, ***P < 0.001.
substrate, a hydrophilic drug and eliminated unchanged [122] .Aliskerin might be a better drug probe to address the issue of relevant clinical inhibition of intestinal OATP2B1 with grapefruit or orange juice. Another uptake transporter, OATP1B1, has been identified on the sinusoidal membrane of the hepatocyte and facilitates the intracellular accumulation of HMG-CoA inhibitors (statins) [50] [51] [52] [53] [54] [55] 123] . Pitavastatin, pravastatin, rosuvastatin are excreted essentially unchanged. Clinical pharmacokinetic studies showed that pravastatin had no change while pitavastatin had a small increase in oral bioavailability with grapefruit juice [124] [125] [126] . Thus, current data do not support a relevant action on the clinical activity of OATP1B1 by grapefruit juice or possibly orange juice. The reason for the absence of an effect is not clear but might be the result of components in grapefruit juice having low affinity for OATP1B1 and/or not attaining sufficient concentration in the circulation. Rosuvastatin is also a substrate of OATP1A2 [127] . The oral bioavailability of rosuvastatin with grapefruit or orange juice has not been reported.
The chemotherapeutic agent, etoposide, had essentially halved oral bioavailability with grapefruit juice 100 ml [128] . Etoposide has an absolute oral bioavailability ranging 47% to 76% with nearly all of it eliminated in urine in the unchanged form [129] . Thus, the pharmacokinetics support that etoposide is a non-metabolized polar drug that would likely require carrier mediated transport for absorption and disposition. However, current information has not yet reported an OATP uptake transporter for it. Regardless of the mechanism of this interaction, etoposide is a commonly used drug in cancer treatment and this magnitude of reduction in oral bioavailability that occurred with a modest volume of grapefruit juice makes the issue of lessened efficacy in this case particularly worrisome.
In conclusion, a new type of drug interaction involving grapefruit or orange juice selectively inhibiting a member of the OATP uptake transporter family (OATP1A2) to diminish oral drug bioavailability has been discussed. This can occur with a single normal amount of grapefruit juice. The major flavonoid, naringin, was a chief causal component in this juice. The duration of inhibition of drug absorption lasted more than 2 h but less than 4 h. OATP1A2 substrates (acebutolol, celiprolol, fexofenadine, talinolol, L-thyroxine) with grapefruit juice and (atenolol, celiprolol, ciprofloxacin, fexofenadine) with orange juice had lower oral bioavailability. The extent of reduction was variable among drugs. However, the effect for a specific drug with one juice was similar to that with the other juice. A greater magnitude of interaction is predicted for an OATP1A2 transported drug that is hydrophilic and normally excreted unchanged rather than lipophilic and extensively metabolized. The interaction involving certain beta-blockers (atenolol, celiprolol, talinolol), ciprofloxacin, L-thyroxine and etoposide has relevant ramifications. Clinical inhibition of OATP2B1 with grapefruit or orange juice remains to be established while that of OATP1B1 with these juices appears unlikely.
